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Abstract

In order to develop seismic codes that can effectively mitigate damage to wood-frame
construction under seismic activity, the dynamic characteristics of wood-frame buildings must be
well understood. Toward this end, this data interpretation project focuses on the dynamic
behavior of low-rise wooden shearwall buildings under large seismic motions. The procedure
includes determining the modal parameters and extracting hysteretic characteristics from the
available records.

Overview

Low-rise wood-frame buildings are the predominant wood-frame construction in North
America. In California, 99% of all residences are constructed of wood (Camelo 2002). Due to the
ubiquitous nature of wood-frame construction, it is surprising that wood-frame building behavior
is not fully understood. Progress is being made though as this topic has attracted a lot of
government and research attention in recent years, primarily because of huge economic losses
in 94 Northridge earthquake. Advancement in wood-frame research has been made through the
collaboration of Federal Emergency Management Agency (FEMA) and the Consortium of
Universities of Research in Earthquake Engineering (CUREE). The ultimate goal of such work is
to make the basis of building codes more rational. The project covered five main areas: testing
and analysis, field investigations, building codes and standards, economic aspects and education
and outreach (Camelo 2002).

As part of the CUREE project, Camelo and Beck performed system identification with
the computed program MODE-ID (Beck 1987) on several wooden buildings California Strong
Motion Instrumentation Program (CSMIP) sites. The results show that there is clear amplitude
dependence; fundamental frequencies were lowest and damping estimates were highest in the
time frame of the strongest seismic activity (Camelo 2003). An important feature from the
analysis was the high damping estimates. The values ranged from 15-20%, which are several
times more than that of steel or concrete structures.

The current project extends the work of Camelo (2003) to two buildings at higher shaking
levels. Since the estimated damping values include energy dissipated by hysteretic action, the
current project also seeks to extract hysteretic characteristics of these buildings. The project has
six main objectives:
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1) Apply different system identification methods to obtain modal estimates.
Specifically, observe if various methods conclude on high damping values for
wood-frame construction. Investigate methods that include but are not limited
to: SDOF time domain methods, random decrement method, frequency curve
fitting methods, and Hilbert and Wavelet Transforms.

2) Using the most appropriate system identification technique, perform detailed
system identification studies on two structures, Parkfield school and
Templeton hospital building, for recently obtained earthquake records. The
focus will be on natural frequency and damping as a function of response
amplitude.

3) Extract hysteretic parameters of walls and diaphragms from the recorded time
histories.

4) Perform system identification studies on components of buildings, such as
diaphragms, to determine their dynamic characteristics.

5) Create numerical models to simulate the measured responses. Models will be
used to confirm the estimates of various system identification methods,
validate the hysteresis extraction procedures and validate the component
identification process. A particular interest will be the large damping values.

6) Interpret all of the results for the benefit of code development.

Buildings and Records

Parkfield school and Templeton hospital buildings are chosen as test subjects for analysis.
Previous studies have successfully been conducted at these locations, and there is a plethora of
records and documentation from past studies contained within the CSMIP database. The
databases contain several records of these buildings at different amplitudes of shaking, including
the record for the largest peak structural acceleration in a wood-frame building at 128% g.
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Parkfield School
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Figure 1: A schematic of Parkfield school building displaying the locations of all six sensors.

The Parkfield school building, built in 1949, is a rectangular wood-frame building with
dimensions of 48’ by 30” (Figure 1). There are a total of six accelerometer channels on the
building. Channels 3 and 6 are the ground reference and taken as the excitation when using
MODE-ID. Two channels are in the N-S (transverse) direction and two are in the E-W
(longitudinal) direction. Figure 2 displays the acceleration time histories recorded during the
2004 Parkfield earthquake.
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Acceleration (g vs. Time (sec)
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Figure 2: Acceleration time histories that were recorded from the Parkfield school building
during the 2004 Parkfield earthquake.
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Templeton Hospital

The Templeton hospital building, built in the 1970s, has an irregular shaped building plan
spanning the dimensions of 336’ by 277’ (Figure 3). There are a total of nine accelerometer
channels on the building. Channels 1 (vertical), 2 (E-W) and 3 (N-S) are the ground reference

sensors. There are three channels for each N-S and E-W direction. Figure 4 displays the
acceleration time histories recorded during the 2003 San Simeon earthquake.
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Figure 3: A schematic of Templeton hospital building displaying the locations of all nine sensors.
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Acceleration (g) vs. Time (sec)
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Figure 4: Acceleration time histories that were recorded from the Templeton hospital building during
the 2003 San Simeon earthquake.

86



SMIP06 Seminar Proceedings

System Identification

Various system identification schemes were explored, but MODE-ID is selected for its
robustness. MODE-ID utilizes modal identification and a modal minimization routine (Beck and
Beck 1985). Modal identification estimates modal parameters of a linear dynamic model from
the responses of a structure. This application of system identification can be performed in the
time domain without the need to develop a structural model by constructing mass, stiffness and
damping matrices (Beck, 1978).

Without discussing all the other methods in detail, most of them are ad-hoc, requiring
special conditions not met in practice with real seismic response records. Assumptions can be
made to improve the results of other methods, but this process requires specific tailoring of the
records. However, this is not to say MODE-ID is the only method that is suitable for analyzing
real seismic records. Other estimation methods like Bayseian approaches and particle filtering
could be suitable as well (Ching, et al.2004). Furthermore a frequency domain MODE-ID can be
employed through Parseval’s Inequality (Werner 1987).

MODE-ID can handle multiple inputs in order to find the modal parameters from seismic
motions recorded from a structure. Inputs for MODE-ID include the ground excitation records,
measured structural response histories and initial modal estimates. The modal parameters
estimated for each mode are the frequency, damping factor, normalized modeshape, participation
factors and initial displacement and velocity. MODE-ID has been extensively applied to
earthquake and other dynamic data. In short MODE-ID is based on a nonlinear least-squares
output-error method. The measure of fit between the recorded and calculated response is
optimized by a modal minimization algorithm (Beck and Beck 1985).

To minimize the measure-of-fit, the program performs a series of sweeps in which
optimization is performed one mode at a time. Optimization within each mode is by the method
of steepest descent with respect to the modal frequency and damping (Beck and Jennings 1980).
Additional information and detailed mathematical background can be found in the MODE-ID
user guide and in EERL Report 85-06. Both are listed in the reference section.
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Results

Parkfield School

The Parkfield school building is only one story tall. It is expected that the dominant
response will largely consist of the fundamental N-S, E-W and torsional modes. The frequency,
damping and modeshape estimates are presented in Table 1 and Figure 5. In addition to the 2004
Parkfield earthquake, records from two smaller earthquakes in 1993 and 1994 are considered in
order to provide a range of response amplitudes. Note from Figure 5 that the modes are coupled
and so are not purely N-S, E-W and torsional.

Table 1. Parkfield school building frequency and damping estimates calculated from MODE-ID. The
peak structural acceleration is provided for each earthquake

Frequency Damping Ratio Frequency Damping Ratio Frequency Damping Ratio

Earthquake

(Hz) (%0) (Hz) (%0) (Hz) (%)
E-W E-W N-S N-S T T
42M
0.123¢ 7.3 12.3 8.6 145 9.8 11.3
04/04/1993
47M
0.201g 6.5 10.7 8.2 14.0 19.2 11.1
12/20/1994
6.0M
0.30¢ 5.26 12.9 6.01 12.9 13.1 8.9
09/28/2004

The 1993 and 1994 earthquakes have been reanalyzed and compared to the results of
Camelo and Beck in CUREE Publication No. W-11. The values are found to be consistent. Since
the magnitudes of the earthquake in 1993 and 1994 are similar, the reported modal frequency and
damping estimates are comparable with the exception of the damping ratios of the torsional
mode. A reason for this difference is not evident. With the addition of the records from 2004,
amplitude dependence can be observed. The larger response amplitudes are accompanied by
lower frequencies and higher damping values.

The analysis done on full-duration records displays high damping estimates as have been
noted in previous studies. Damping is inherently difficult to estimate accurately with any method
(Beck and Beck 1985). The credibility of a 20% damping ratio in wood-frame buildings needs to
be investigated since steel or concrete buildings generally have values of 3 to 5%. For MODE-ID,
a linear viscous damping is assumed. The meaning of a linear damping value that is fit under
conditions of nonlinear response is currently under study.
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Figure 5: First three modeshapes of the Parkfield school building

generated from the 2004 Parkfield earthquake

89



SMIP06 Seminar Proceedings

Another observation that can be inferred from Table 1 is that the damping estimates in
the N-S are generally greater than those of the E-W modes. This may be related to the fact that
the north and south walls have less shear wall contribution due to a substantial area designated
for windows, as shown in Figure 6.

South Wall West Wall

Figure 6. Elevation views of the Parkfield school building

A windowing analysis is also performed on the 2004 Parkfield records through MODE-
ID. Results are presented in Figure 7 (frequencies) and Figure 8 (damping). A two-second
window with 50 % overlap was chosen because it is the smallest window that results in
consistent convergence. Windowing reveals the change in modal frequency and damping during
the earthquake.

From Figure 7 it is apparent that the building did reach nonlinear motions as each
fundamental frequency changed during the course of the response. Following the locus of the
estimated fundamental frequencies of the building, the initial frequencies are around the 7.5 Hz
range when the initial motion was recorded. The building’s frequencies decrease as the
magnitude of the ground response increases, reaching significantly lower values during the time
of the strongest ground shaking at around 5 seconds (Figure 2). As the ground motion subsides,
the building’s frequencies revert to the initial frequencies. This probably indicates the building
sustained no significant damage.

The window analysis on damping estimates (Figure 8) shows that damping fluctuates
greatly throughout the earthquake shaking. Another observation is that even at lower ground
motions, the damping ratio still display values of 12-20%, which are high relative to steel and
concrete buildings. As mentioned previously, the issue of high damping values is currently under
study.
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Fundamental Frequencies vs Time
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Figure 7: Amplitude dependence of the E-W and N-S mode frequency estimates for Parkfield School
building. The window analysis is performed on the 2004 Parkfield earthquake.
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Figure 8. Amplitude dependence of the E-W and N-S mode damping estimates for Parkfield
School building. The window analysis is performed on the 2004 Parkfield earthquake.
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Templeton Hospital

Frequency, damping and modeshape estimates are presented in Table 2 and Figure 9. The
first mode involves mostly transverse motion of the west wing, and the second mode is mostly
north wing. Both wings contribute to the third mode. The instrumentation layout allows only the
study of the north western wings of this very asymmetric building.

Table 2 contains result for the M 6.5 earthquake in 2003, three of its aftershocks and
another smaller earthquake in 2005. Results seem to be consistent to the observations made from
the analysis of the Parkfield school building. The amplitude dependence of the modal parameters
is shown in Figures 10 and 11. Refer to Figure 4 for the acceleration time histories of the 2003
San Simeon earthquake.

Table 2. Templeton hospital building frequency and damping estimates calculated from MODE-ID. The
peak structural acceleration is provided for each earthquake

Frequency Damping Frequency Damping Frequency Damping

Earthquake (H2) Ratio (%) (H2) Ratio (%) (H2) Ratio (%)
West Wing  West Wing  East Wing East Wing Mode 3 Mode 3
6.5M
13¢g 477 15.75 5.0 16.6 7.42 17.2
12/22/03
.031g
02/09/04 7.09 21.1 7.4 11.6 10.7 16.0
aftershock
.073¢g
05/02/04 6.6 20.6 6.7 13.4 9.2 114
aftershock
217 ¢
10/02/04 6.6 15.4 5.8 175 8.1 14.0
aftershock
44 M
017 g 7.3 20.0 7.0 12.1 9.9 8.9
05/16/05
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Figure 9: First three modeshapes of the Templeton hospital building
generated from the 2003 San Simeon earthquake
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Fundamental Frequencies vs Time
11 T T T T T T T T

—— wastwing

10 — & north wing 4

Frequency (Hz)

Time (5]

Figure 10: Amplitude dependence of the west wing and north wing frequency estimates for Templeton
hospital building. The window analysis is performed on the 2003 San Simeon earthquake.

Darmping Ratios vs Time
30 T T T T T T T T

5

20r

15

Damping Ratios (%)

or —&—— westuing 7
—— e north wing

5 L
18 20 25 30 35 40 45 a0 85 B0
Time (5]

Figure 11: Amplitude dependence of the west wing and north wing mode damping estimates for Templeton
hospital building. The window analysis is performed on the 2003 San Simeon earthquake.
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Hysteresis Characterization

General Concepts

One of the major characteristic of wood-frame buildings is pinching hysteresis. As
loading progresses and the deformation of the connection increases, wood fibers are crushed and
a nail may begin to yield. If the loading is reversed, the nail moves through the gap formed by
the crushed wood fibers. Through each cycle of displacement, depending on the amplitude of the
motion, the wood is increasingly indented by the nail. This creates extra spacing wherein the nail
will displace with reduced opposing force (Judd 2004).

It is imperative to accurately map hysteresis curves since they play a pivotal role in
creating a better nonlinear model. Fortuantely, many of the commercial products that provide
nonlinear analysis have the option to input a hysteresis model. The hysteretic behavior of a
structure plays a crucial role in many current approaches to seismic performance-based analysis
and design. Thus, many experiments have been performed to record hysteretic data for wood
shear walls and other subassemblies. An example that illustrates the pinching behavior is show in
Figure 2. Although thus test was for a single-nail connection, similar behavior is observed for
wall and diaphragm components and for entire structures.

Strength and stiffness

degradation |
- A A 4
Pa.\. ’ﬂ_ | P
~ £ i 1~ o
E|:lb§¢ T A 1 }; “1;_
: ol Deformed nail
Undeformed 11’111 \ / = A
/ f v
L E/ﬁ/ Pinching behavior

Figure 12. Hlustration of the nailed sheathing connection and pinching hysteresis curve (Judd 2004).

Extraction of hysteretic characteristics of wood-frame building components can lead to
an understanding of the pinching and degradation behavior as well as reveal the extent to which
the building response extends into the nonlinear range. The process involves the construction of
a hysteresis curve by plotting time history pairs of restoring force across the component (on the
vertical axis) and relative displacement across the component (on the horizontal axis). The ability
to compute the restoring force and relative displacement requires that sufficient instrumentation
be present.
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Figure 13: Illustrative example of the free body diagram concept to calculate a hystersis curve.

Consider the simple structure shown in Figure 13a as an example, consisting of north,
south, east and west walls (Wy, Ws, We and Wyy) and a diaphragm (D) with earthquake
acceleration records obtained at a, b and c in the E-W direction. It is desired to plot the hysteretic
curve for the north wall. To obtain the restoring (shear) force time history, a free-body diagram
(FBD) is needed as shown in Figure 13b. The north wall is cut at mid-height and the diaphragm
at mid-span as shown, with the cuts extending through the east and west walls. In the E-W
direction, the restoring force at the diaphragm cut is set to zero based on an assumption of
symmetric response, and the forces on the east and west walls are taken as zero because they
would be out of plane, leaving only the restoring force Fy on the north wall. The E-W equation
of motion is shown below in Equation 1

96



SMIP06 Seminar Proceedings

Equation 1. Force balance equation derived from FBD Figure 13b
Fy () =m_X, + m_ X,

where m, and m, are tributary masses for the free body at a and c and X, and X_ are the
recorded accelerations at a and c, gives F, (t) directly. The relative displacement x,.,(t) across

the north wall is obtained by subtracting the doubly integrated acceleration records at a and b.
Pairs of F (t) and Xa.(t) are then plotted.

The situation for the diaphragm is different because the shear varies substantially along
the diaphragm, being maximum at the ends. The procedure employed here extracts the restoring
(shear) force F,(t) at the quarter point and uses a free body consisting of one quarter of the

diaphragm and adjacent pieces of the east and west walls cut at mid-height as shown in Figure
13c. With similar assumptions as made previously, only F,(t) is present and is determined from

Equation 2

Equation 2: Force balance equation derived from FBD Figure 13 ¢
I:D (t) =M Xc

The relative displacement in this case is X¢.a(t), obtained by subtracting the doubly integrated
acceleration records at ¢ and a.

Hysteresis Characteristics Results

Using the free body concept described in the previous section, attempts are made to
retrieve the hysteretic characteristics of the Parkfield school and Templeton hospital buildings.
Results for the Parkfield school are shown in Figure 14a (east wall), 14b (diaphragm), 15c¢ (top
part of south wall) and 15d (bottom part of south wall). For example, calculations performed for
the hysteresis curve in Figure 14a are based on Equation 1, with the north wall in Figure 13
representing the east wall of the Parkfield school, and channels a, b and c in Figure 13 being
channels 1, 3 and 2, respectively, at Parkfield school (see Figure 1). Since the ground motion is
assumed to be uniform, it does not matter that channel 3 is not located directly under Parkfield
school’s east wall. For the masses m¢ and m, in Figure 13b, artificial values in the ratio of 1.3 to
1.0 are employed. The use of artificial values means that the force scale in Figure 14 is
meaningless, but the shape of the hysteresis curve is not affected since this depends only on the
ratio of m to m.

The computed hysteresis curve in Figure 14a shows evidence of pinching in the larger
excursions, but not nearly as clear as that in Figure 12 obtained from a controlled laboratory
experiment. Results for the south wall in Figure 14c and d can be described similarly. In the
latter cases, some filtering of the displacement histories had to be done to remove long-period
errors. The computed hysteresis curve for the diaphragm (Figure 14b) doesn’t seem to have any
realistic trends. The same can be said for the computed hysteresis curve for the north wall of the
north wing of the Templeton hospital show in Figure 15, which also used the procedure
described by Equation 1 and Figure 13.
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Figure 14: Hysteresis curves of Parkfield school building
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Figure 15: Hysteresis curve of Templeton hospital building’s north wall of its north wing
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Conclusions

This study has observed significant amplitude dependence of the modal frequencies,
decreasing for higher amplitude of shaking, and high damping values identified for the seismic
response of wood-frame buildings. These results are in agreement with previous findings. A 25%
to 30% drop in frequency during the stronger earthquakes examined here was typical. A damping
ratio, more or less constant over the earthquake, at about 15% to 20% was also typical. A
detailed study employing finite element models is planned to further investigate these behaviors.

An attempt to retrieve the hysteretic characteristics of wall and diaphragm components
was hampered by errors inherent in the process employed. This process will also be a focus of
the future finite element studies to determine what improvements in calculation process and
instrumentation arrays can increase the accuracy of the computed hysteresis curves.
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